High-resolution medium energy ion scattering (MEIS) spectrometry coupled with photoelectron spectroscopy revealed unambiguously that the initial SrTiO 3 (001) surface chemically etched in a buffered NH 4 F-HF solution was perfectly terminated with a single-layer (SL) of TiO 2 (001) and annealing the surface at 600 -800ºC in ultrahigh 
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I. INTRODUCTION
Strontium titanate (SrTiO 3 : STO) crystal taking a typical perovskite structure has attracted much attention recently since the finding of two-dimensional (2D) electron gas formed at vacuum-cleaved and H-terminated surfaces [1, 2] . Aside from the electronic properties, the structure of the surfaces depends on annealing temperature and changes in a variety of fashion [3] [4] [5] [6] [7] [8] . The SrTiO 3 (001) surface consists of alternating stacking of TiO 2 (001) and SrO(001) planes and it was reported that the (001) surface is terminated perfectly by TiO 2 (001) plane after etching in a pH-controlled buffered NH 4 F-HF (BHF) solution [9] . According to our previous study, after annealing the surface in ultrahigh vacuum (UHV) the SrO(001) plane emerged partly [10] . Ohnishi et al. [11] analyzed in situ the surfaces of as-supplied samples before and after annealing in UHV by low energy ion scattering and found that the SrO face started to appear at temperatures above 200ºC and the areal occupation ratio was saturated at ~12 % at 400ºC, while the surface re-etched in BHF was terminated perfectly with TiO 2 (001) and stable up to 700ºC. Here, the as-supplied sample corresponds to the commercially available BHF-treated substrate with flat steps terminated with TiO 2 (001) face.
Concerning the atomic configurations of the (001) surfaces, Castell [5] reported that annealing the BHF-treated surface at 600 -800ºC led to a (2×1 ) + (1×2) mixed phase with wide and flat terraces whose step height was 4.0 Å corresponding to two-atomic layer height. Further annealing the surface at temperatures above 900ºC gives a c(4×4) reconstruction. Of course, the above surfaces have oxygen deficiency in the top TiO 2 (001) plane. The (1×1) nearly stoichiometric surface is obtained by annealing around 600ºC in O 2 ambient (~1×10 -6 Torr) [10] . It has been for a long time recognized that the TiO 2 -teminated surface consists of the single layer (SL) of TiO 2 (001). Erdman et al. [6] showed the (2×1) surface terminating not with one, but two TiO 2 atomic layers by transmission electron microscopy (TEM) and proposed a structure model. After that Herger et al. [7, 12] analyzed the SrTiO 3 (001) surface where three different terminations of (2×1), and (2×2) reconstruction as well as a (1×1) relaxation coexisted and extracted all the structures terminated with double-layer (DL) of TiO 2 by surface X-ray diffraction (SXRD) combined with the density functional calculations. However, the above two structure models for the (2×1) surface are quite different. The problem in the above analyses using electron and X-ray diffractions resides in too many fitting parameters, particularly in the latter more than 40 including the fractions of the (1×1), (2×1), and (2×2) surfaces, which probably tend to mislead one to an incorrect structure 2 model. In spite of the above two reports, the fact that the STO(001) surfaces annealed in UHV is terminated with the DL-TiO 2 (001) is not yet recognized well.
Previously, we prepared the STO(001)-1×1 surface and determined the rumpled and relaxed surface structure by high-resolution medium energy ion scattering (MEIS) spectroscopy based on the assumption that the surface is terminated with a single-layer (SL) TiO 2 [10, 13] . In the previous MEIS spectrum analysis, an unresolved question was left that the surface peak coming from the top TiO 2 (001) plane was significantly broader than that expected from the SL-TiO 2 termination. This may be puzzled out by assuming the DL-TiO 2 termination. In the present study, first we show the structure change of the STO(001) surface by elevated temperatures from room temperature (RT) up to 800°C in UHV using high-resolution MEIS coupled with photoelectron spectroscopy. It is demonstrated that the single phase STO(001)-2×1 surface emerges at temperatures from 400 up to 800°C and on top of the surface rock-salt SrO clusters grow epitaxially. The observed MEIS spectra for the (2×1) surface, however, could not be reproduced by assuming the two structure models proposed so far based on the TEM [7] and SXRD [12] analyses. It is emphasized that the MEIS analysis is based on the particle nature of medium energy ions and thus atomic structures are determined directly in a real space, quite different from diffractions in a momentum space. We also performed ab initio calculations using VASP (Vienna ab initio simulation package) [14, 15] and propose the most probable surface structure, which is energetically stable and able to reproduce the observed MEIS spectra.
II. EXPERIMENT
The experiment was performed at the beamline 8 named SORIS working at Ritsumeikan Synchrotron-Radiation (SR) Center, where the following three modules are connected each other, (i) sample preparation, (ii) MEIS, and (iii) photoemission analysis systems. This allows basically for in situ analyses under ultrahigh vacuum (UHV) conditions (< 2×10 -10 Torr). Our MEIS system makes it possible to determine the subsurface atomic positions with an accuracy of ~0.01 Å [16, 17] and the photoemission analysis identifies the clusters segregated on the surface by annealing in UHV.
We purchased the mirror-finished STO(001) substrates treated by pH controlled buffered HF (BHF), whose surfaces were terminated perfectly by TiO 2 (001) plane [1] , which will be confirmed later by MEIS. Indeed, atomic force microscopy observation under an atmospheric condition showed stepped surfaces with wide and flat terraces whose step height is 4.0 Å. To be free from electric charging-up, the substrates used were 
where Q, was determined in advance using rutile TiO 2 (110) surfaces whose structure was already known [20] . Here, ) (n P j CL corresponds to the close encounter probability for the atoms j in the n-th layer, which is normalized by that for the atoms subjected to no shadowing and blocking effects [21] through a medium loses its energy gradually via interactions with the electrons in the medium, which in turn gives the information of the depth where the ion undergoes a large angle collision. We employed the semi-empirical formula given by Ziegler [22] for the energy loss, exponentially modified Gaussian profiles as the line shape [23, 24] , and the Lindhard-Scharff formula to calculate energy straggling values [25] .
We measured the MEIS spectra using 120 keV He + ions for the as-supplied sample and that annealed at 200, 400, 600, and 800°C in UHV for 30 min, which are shown in as-supplied sample. The amount of the Sr segregated on top of the surface is estimated to be 36 % (areal occupation: growth of SrO(001) was assumed). Such MEIS spectrum change clearly indicates that a subsurface atomic re-arrangement took place probably at step edges which are energetically unstable compared with the terraces and then proceeded in a wide range. The situation mentioned above is consistent with that reported by Ohnishi et al. [11] . We then re-etched the surface in hot water (55°C) for 10 min and measured MEIS spectra again. Figure 2 shows the MEIS spectra for the re-etched and that annealed at 200, 400, and 600°C. The MEIS spectrum features are basically almost the same as those for the as-supplied surface except for the fact that the energy position of the Sr-2nd peak coincides with that of the Sr peak before annealing.
The difference between the as-supplied and re-etched samples before annealing corresponds to the surface terminated with SL-TiO 2 (001) (as-supplied) and DL-TiO 2 (001) (re-etched). The present results are inconsistent with the report by Ohnishi et al. [11] that claimed thermal stability of the re-etched surface up to 700°C. This discrepancy possibly comes from different step structure and annealing time. It is an unexpected phenomenon that RS-SrO clusters emerge at low temperatures, even at 200°C for SL-TiO 2 surface and 400°C for DL-TiO 2 termination. Some atomic rearrangement took place probably from step edges, which are reactive and energetically unstable. Based on the density functional theory (DFT), Herger et al. [7] calculated the surface energies for the SL-and DL-TiO 2 terminations and found that the surface energy for the (2×1)-DL-TiO 2 (001) termination was quite the same as that for the SL-TiO 2 termination. According to the present MEIS observation, the DL-TiO 2 termination seems significantly stable compared with the SL-TiO 2 surface, although the temperature is limited below 400°C. On the other hand, Ohnishi et al. [11] reported a good thermal stability for the re-etched surface (DL-TiO 2 ) up to 700°C. According to Heifets et al. [29] , the SL-TiO 2 and SrO termination are the most thermally stable rather than the (2×1) reconstructed DL-TiO 2 (001) termination under equilibrium condition. However, we must note that annealing in UHV is not the case, because there exist step edges, oxygen vacancies, and interstitials segregated to the surface, corresponding to a non-equilibrium dynamical process. These discrepancies possibly originate from different conditions of the density of surface defects and subsurface interstitials as well as surface morphology.
B. The Structure of the STO(001)-2×1 Surface
First we check the validity of the two structure models reported so far [6, 7] which predicted the DL-TiO 2 terminated 2×1 reconstructed surface. Then the most probable structure model is proposed based on the high-resolution MEIS analysis combined with the ab initio calculations. Note that MEIS analysis can check precisely subsurface atomic configurations quantitatively, because Monte Carlo (MC) simulations of the ion trajectories for the given atomic structure make it possible to construct the corresponding MEIS spectrum and to compare it with the observed one. Unfortunately, however, many structure parameters cannot be determined simultaneously like SXRD analysis. Despite that, some relative displacements of the atoms along a major crystal axis can be derived quantitatively using the shadowing and blocking effects [18] . Obviously the spectra simulated assuming both the structure models are far from the observed MEIS spectrum. In the former structure (TEM), the 2nd layer Ti of the DL-TiO 2 shadows the underlying Sr strongly, whereas the latter structure leads to too small shadowing effect. This means that the inter-planar distance between the 2nd-layer Ti and the 3rd-layer Sr is close to that of the bulk SrTiO 3 (001) in the former model, while the latter gives too large inter-planar distances than that of the bulk. The other DFT calculations [29] resulted in a structures similar to that determined by TEM analysis [6] and thus the structure also gives a smaller second peak from Sr atoms than the observed one (not shown here).
In order to obtain best-fit spectra, we performed the analysis of R-factor defined for Sr is attributed to the shadowing by the 2nd-layer Ti. Figure 7 indicates the top view and side views of two scattering planes at the [110]-azimuth for the DL-(2×1) surface. In this figure, the vertical and lateral displacements of the atoms are ignored for simplicity. Note that there is no displacement along the ×1 direction, which was confirmed by DFT calculations [6, 13, 29, 30] . Under the condition of the [ 1 11 ]-incidence, no significant focusing and blocking effects were observed at this emerging direction (68.3°) within ±2°.
FIG. 5. (c) Model
A proposed based on TEM [6] and DFT [30] analyses and (d) Model B predicted based on SXRD-DFT [7, 13] , which are depicted by ball and stick model. Table I . It is helpful to perform ab initio calculations for arriving at the most probable surface structure efficiently. The unit cell consists of the (2×1) periodicity in the (x,y) plane and one DL-TiO 2 (001) layer followed by underlying 4×(SrO/TiO 2 ) layers in the z-direction.
The vacuum spacing of 10 Å was inserted between neighboring unit cells in z-direction to avoid interactions between the unit cell slabs. During the simulations, a pair of the last (SrO/TiO 2 ) layer was fixed. The ab initio calculations were carried out using VASP [14, 15] , in which the generalized gradient approximation (GGA) [31] as the exchange-correlation potentials and projector-augmented wave (PAW) method [32] as the basis functions were employed. We adopted the Residual Minimization/Direct Inversion in the Iterative Subspace (RMM-DIIS) algorithm [15] as an efficient electronic minimization and applied conjugate gradient method [33] to optimize rapidly the configuration of ion cores. The cut-off energy for the plane-wave basis was set to 500 eV.
For k  point sampling to perform fast Fourier transform, 9×7×1 Monkhorst-Pack mesh [34] was used. The calculations were continued until the Hellmann-Feynman force acting on each atom was less than 0.01 eV/Å. As the initial condition, the two atomic models, (A) TEM-DFT [6, 30] and (B) SXRD [7, 13] were assumed. When started from the model (A) structure, it converged rapidly to a slightly changed structure, whereas starting from the model (B) structure needed a very long time to converge and led to the above same structure. The total free energies per unit cell for the model (A) and (B) structures and the optimized structure are -422.35 and -406.55, and -423.84 eV, respectively. The results obtained are compared with the other calculations [13, 30] . It is clear that the present result is similar to that predicted based on the TEM-DFT [6, 30] , although small discrepancies are seen. In contrast, large discrepancies are found between the present data and the SXRD-DFT [7, 13] Table I ).
In order to reproduce the 2nd surface peak from Sr atoms located on top of the In order to decide which model corresponds to the most probable structure of STO(001)-2×1 surface, we measured MEIS spectra under different scattering geometries.   due to the approximation that the scattering event happening in the incident path is independent of that in the exit path and time reversibility holds for the emerging path [21] . In this scattering geometry, the 2nd-layer Ti 3 and Ti 4 atoms are not shadowed by the top-layer atoms owing to the large expansion of the top-interlayer distance, while the 4th-layer Ti 5 and Ti 6 are shadowed significantly by the overlying 2nd-layer Ti 3 and Ti 4 , respectively, as indicated in Fig.10 (a) . This shadowing depends on the 2nd-interlayer distance. The observed and calculated P CL values assuming the structure models ① and ② are shown in Table II . We must note again that there are no displacements in the ×1)-direction (y-axis). This vertical displacement of O 8 is likely than that of O 7 because of its vertical freedom (see Fig. 5(b) ). There is still a small disagreement between the observed and calculated ) 3 ( P CL even though considering the small displacement of O 8 .
The observed P CL value was possibly reduced slightly via shadowing by the overlying RS-(SrO) 2 , which was neglected in the MC simulation because of large lattice mismatch of 7 % between the RS-SrO and STO. Considering the results presented above, we conclude that the model ② assuming the small displacement of O 8 is the most probable surface structure of STO(001)-2×1 reconstruction.
IV. CONCLUSION
High-resolution MEIS analysis revealed unambiguously that the mechanically cut We checked the two structure models predicting DL-TiO 2 termination for the (2×1)-surface based on electrons and X-ray diffraction analyses combined with DFT.
However, both the structure models could not reproduce the observed MEIS spectra. In order to focus on the most probable surface structure efficiently, we also performed the ab initio calculations using VASP. The simulation started from the structure proposed based on the TEM observation converged quickly to a structure changed slightly, whereas starting from that predicted by SXRD converged after long time steps to the same structure quite different from the initial atomic configuration. We varied the
